ABSTRACT: This paper develops a set of criteria that can be used to study industry adoption and dissemination of water technologies through various stages of a market adoption model. It tests the applicability of these criteria on a diverse array of over 488 water technologies. Based on case studies, it seeks to define the typical and reasonable time frames in which a water technology moves through these defined stages of industry adoption and dissemination. The development of these criteria, and the definition of reasonable industry average timelines to move through these stages, is an important contribution to the understanding of the process of water technology development. The criteria and defined timelines described in this paper are foundational, and will be used as the basis for subsequent research and analysis to examine the success rates for different water technologies, and common factors linked to why some technologies succeed and others fail. Water Environ. Res., 90, 563 (2018).
technology to a particular stage. The development and definition of the factors that can be used to assign a diverse range of water technologies to different stages is one of the key goals of this paper and is one of the primary contributions that the authors wish to make. The stages in the model itself will not be new; they will build on previous models. What will be unique is the analysis of the typical time it takes for a water technology to move through the stages of these models, and to develop criteria that can be used to objectively assign a water technology to each stage of the model. The development of this framework is foundational for future work which will analyze success factors to help ensure efficient use of capital to develop water technologies.
Applied Research and Development: An Important Source for Water Technology Innovation. Many of the water technologies in use today have their origins in applied research at research institutes. Some examples of this are illustrated in Table 1 . Many of the technologies developed in research institutes, however, do not make their way into society. The authors are conducting a survey of water research institutes globally to analyze success rates in water technology licensing; this will be the subject of a separate paper.
Existing Water Technology Adoption Models. We have reviewed a range of theories and models, including the Technology Adoption Life Cycle (TALC) and the Technology Life Cycle (TLC) models. The TALC model is based on an earlier model known as the Diffusion Process, which was originally devised to study the rate of hybrid corn adoption by farmers in two Iowa farming units (Beal and Bohlen, 1957) . This model describes how a new product or innovation moves through different segments of the defined adopter groups: Innovators, Early Adopters, Early Majority (about 34% of the population), Late Majority (last major group to adopt, also about 34% of the population), and Laggards. This classification into adopter groups is well-suited for consumer products used by the general population. Wenger and coworkers (2009) have shown how the Diffusion Process model can be adapted to specific technology domains, such as education and digital technology. Moore (1991) revised the TALC model to look at gaps present between the adopter groups in high-tech markets.
The Technology Life Cycle (TLC) typically follows an S-curve shape as technology moves from research and development through the 'ascent phase' to maturity and finally declines (Christensen, 1992) . The TLC is a measure of technology maturity and is distinct from the Technology Adoption Life Cycle (TALC). The TLC's S-curve can be overlaid with the TALC model to analyze the adoption of innovations and maturity of adopted technologies. This can be seen in Figure 1 , which shows the conceptualization of technology adoption by Rogers (2003) . These two curves focus not on the state (maturity) of the technology but, rather, on the characteristics of the people adopting the technology (Parker, 2011) . Rogers found that the adopter groups identified in TALC statistically fitted a bell-shaped curve representing a normal distribution.
Technology Readiness Levels (TRLs) are a measure of technology development in research and development institutes (Mankins, 1995) , of which business sectors and governmental organizations use different variations. So far, the commercial aspects of TRLs have not been defined, because initially TRLs were mainly applied to technologies in specific systems developed for the research institutes' own use only (e.g., NASA's space missions). For example, there are no clear definitions of technologies in their initial stages of development in the TRLs applied by the E.U. in its Horizon 2020 Framework Programme for Research and Innovation (European Commission, 2013; Schild, 2013) : TRL 1 -basic principles observed TRL 2 -technology concept formulated TRL 3 -experimental proof of concept TRL 4 -technological validity in a laboratory TRL 5 -technology validated in a real environment TRL 6 -technology demonstrated in relevant environment TRL 7 -system prototype demonstration in an operational environment TRL 8 -system completed and qualified TRL 9 -actual system proven in operational environment Note that the TRLs define technology development stages in a granular manner, and a correlation with either Rogers' bell curve (TALC) or the S-curve (TLC) is difficult. Vyakarnam (2013) attempted such a correlation and suggested that the translational journey from laboratory to market should make use of TRLs in early technology stages, and use Rogers' TALC model in later stages of technology development (i.e., once the technology is ready for market introduction). In the literature, only Parker (2011) has applied the S-curve to five case histories to examine the pace of dissemination and adoption, as well as the stages of technology development, and by which events they were shaped and influenced.
This paper defines a Water Technology Adoption (WaTA) model, which covers the entire technology life cycle from development through to maturity and can serve as a practical framework for water industry professionals and water technology researchers. This model is based on interviews with water industry Blonigen et al. (2005) leaders, a review of existing technology and dissemination and adoption models, innovation theory, an analysis of empirical water technology data, and insights gained by the authors through their collective experience in the global water industry. The first objective of the research was to define key stages in a water technology's dissemination and adoption. The second aim was to provide a well-defined set of criteria that could be used to classify water technologies according to relevant stages. This could then, for example, be used in subsequent research to determine if there are particular technology areas that move faster than others, to identify accelerators and decelerators, and identify any common factors that might affect success and failure rates in technology dissemination and adoption. This paper is structured as follows. After this introduction, the Methodology, describes the process in defining six different stages of water technology adoption and dissemination. The Results and Discussion section explains how the authors tested the model and validated the six stages by applying them to a data set of 488 water treatment technologies. Finally, concluding remarks and suggestions for further work are outlined in the last section.
Methodology
In this section the development of criteria for assigning water technologies to particular stages of the WaTA model is explored.
Development of Definitions and Criteria. The authors adapted existing models to create one that was suitable for the analysis of water technologies from Applied Research through to Maturity. Activities such as Pilot and Demonstration were mapped to the Innovator Stage, and the stages of Early Majority and Late Majority were grouped together into one stage ( Figure  2 ), for reasons outlined later in this section. To develop the definitions for each stage, the authors began studying a discrete number of case studies for water technologies which were previously introduced to market, including membrane bioreactors, ultraviolet disinfection, Moving Bed Bioreactor (MBBR), and ultrafiltration membranes; and developing criteria that the authors believed could have been used to define when these technologies were at a particular stage in the WaTA Model.
In (Parker, 2011; Rogers, 2003) . This figure represents an overlay of the Rogers diffusion model with a classical technology S-curve indicating technology maturity.
to assess whether the criteria used to assign a water treatment technology to a particular stage of the model were robust and would be understood and usable in a consistent and objective way by water industry stakeholders. The 13 interviewees were selected to provide representative coverage across key stakeholder groups, including consulting engineers, water treatment technology providers, academics, water utility end users, and water technology investors; and on the basis of their extensive expertise in developing new water treatment technologies and implementing innovation. The lead author conducted these research interviews between September and December 2015.
The interviewees were contacted by e-mail, in advance, and given standard background information on the purpose of the research interview. During the interview, the interviewees were guided through the different stages of the WaTA model. The definitions for each stage were outlined, criteria for classification were shared, and feedback was solicited on each stage. For each of the criteria, the authors asked the interviewees if the criteria were clear, if they agreed or disagreed with these definitions, if they believed they needed to be modified, and if other additional criteria should be used.
The collective responses were analyzed, tabulated, and compared for each stage of the WaTA model. This led to refinements to the definitions, based on the feedback of the interviewees, and also to additional criteria. The research interviews provided confidence that the criteria outlined in this paper can be applied by anyone in the water industry, based on accepted terminology and definitions. In addition, this also enables a consistent approach to mapping technologies to different stages of an adapted S-curve (TLC) and Rogers' TALC model, if desired.
Testing of the Criteria to Assign Technologies to Different Stages of the Water Technology Adoption Model. The authors then attempted to apply the criteria that were developed, and further refined through research interviews, to a data set of over 488 different water technologies. The objective was to determine if the criteria would be robust and useful when applied to a diverse set of water technologies. The data set used in this study pertains to 488 proprietary technologies contained in the BlueTech Research database of water technologies. The authors were granted access to the database to support this research. The technologies represent a broad section of technologies that are used in municipal, and industrial, water and wastewater resource recovery. This was supplemented with a data set of 28 mature water treatment technologies.
For the purposes of this study, the authors excluded sensors, control systems, and data analytics because their characteristics Analysis of Average Time Spent at each Stage of the Model. The authors also wished to determine the average time spent by a technology at different stages of the WaTA model. To determine this, the authors prepared and analyzed a number of case studies, including ultraviolet disinfection, membrane bioreactors, phosphorus removal as struvite, and sludge thermal hydrolysis. Figures 4 and 5 give the timelines for ultraviolet disinfection and membrane bioreactors, respectively. Based on the case studies analyzed, a set of average or typical timelines were developed, which are presented in the next section.
Results and Discussion
Detailed Definitions of Each Stage of the Model. A key output from the research was the development of the following detailed definitions of each stage of WaTA. Figure 6 displays the criteria for assigning a technology to each stage. The following describes, in more detail, the definitions developed to describe and define each stage.
Stage 1: Applied Research Stage. The Applied Research Stage matches E.U. Horizon 2020 TRLs 1 to 5, but has no counterpart in Rogers' TALC model. The following simple criterion can be used to assess whether a technology is at the applied research stage: research and development is taking place in a laboratory setting, with the aim of developing a water treatment technology with a real-world application.
Whereas new water treatments are occasionally derived from existing technologies used in adjacent industry sectors (e.g., sludge dewatering derived from fruit juice filtration technology), most successful new water treatment technologies originate from applied research. Examples include, forward osmosis technology, struvite crystallization, reverse osmosis membranes, short-cut ammonia removal, granular activated sludge, and membrane aerated bioreactors (see Table 1 ). Applied water technology research mainly occurs in research institutes, national laboratories, or research and development divisions of small-and medium-sized enterprises (SMEs) and large water technology companies.
Typically, tests are carried out with synthetic feed water streams designed to mimic real-world conditions. For example, sodium chloride solutions can be used to model salinities likely to be encountered in seawater, and brackish water, desalination applications. For biological removal of organic contaminants, sugars are frequently used to create wastewater streams with a synthetic biological oxygen demand. These bench-scale tests with synthetic streams allow researchers to analyze fundamental Figure 5 illustrates the timelines that were required to commercialize and achieve technology adoption and diffusion of the Membrane Bioreactor (MBR) technology. (1) The technology is tested outside the laboratory in real-life applications; (2) Until at least one fullscale plant is operational, the technology remains in the Pilot Stage. This stage concerns, for example, the deployment of a pilot-scale reactor at a municipal or industrial water resource recovery facility, a desalination facility, or drinking water treatment facility.
Pilot Stage testing is typically carried out to gather data on operations, such as the technology's robustness in real-world conditions, which can then be used as design criteria for the scale-up to a full-scale plant. The data gathered is dependent on the process, but can include parameters such as reaction rates, membrane flux rates, removal efficiencies, chemical and energy consumption, time between cleaning cycles, and variation in performance following extended periods of operation. A pilot plant is basically a smaller-scale version of the technology, envisaged as a commercial full-scale system in terms of size and capacity. Issues frequently identified during the Pilot Stage include:
1. Inhibition of a biological process as a result of substances not present in the synthetic feed used in the laboratory. 2. Membrane fouling as a result of inorganic deposits and biofouling. 3. Reaction rates, removal and flux rates or other key performance criteria are different from expected data.
At this stage, the technology is typically being developed by a company and has left the research institute or laboratory. It is linked to commercial activity, and pilots can therefore be funded by the potential end user or by the company offering the technology.
The Pilot Stage is not to be confused with all pilot testing. A fully commercial technology may still be 'piloted', or undergo pilot testing at particular sites to reduce the risk of failure in a full-scale application, but this may, for example, concern a new application for the technology. This type of pilot testing would be part of a feasibility study, which can take place during the later stages of this model. Many efforts to bring new solutions to market fail at the Pilot Stage, or can remain stalled at this stage and have difficulty moving beyond it. In this context, failure is defined as failure on the part of the technology developer to move the technology forward. Whereas an individual company may then fail, the technology itself can still ultimately be picked up by another entity, which then continues to try and move the innovation forward.
Stage 3: Demonstration Stage (Innovators). This stage no longer matches any TRLs, but is equivalent to the second part of the Innovators step of the TALC model. The criteria for this stage are as follows: (1) The technology must now be of a size and scale that would be practical in the real-world target applications; (2) The technology must form part of a formal commercial product offering; (3) The technology is deemed to remain at this stage until there are three units operating at a similar scale, in similar applications. The Demonstration Stage involves the construction and deployment of the technology in full-scale systems in target applications. The criterion of having no more than three units operating at a similar scale, in similar applications, in this stage is based on the concept of 'proven innovation', frequently contained in tendering documents, often requiring three reference plants at a similar scale treating a similar stream (see also next stage). The authors noticed that the following technologies were already offered by one to three companies at the Demonstration Stage: capacitive deionization, ceramic ultrafiltration membranes, struvite crystallization, granular activated sludge, forward osmosis, short-cut nitrification, membrane bioreactors, anaerobic membrane bioreactors, and supercritical water oxidation.
Stage 4: Early Adopter. This stage corresponds to the Early Adopters step of the TALC model and meets the following criteria:
The technology is now a 'proven technology', but is not yet widely accepted by end users in the market. There are some commercial sales of first-generation units to early adopters. At least three units, but typically less than twenty-five units, are now operating at a similar scale in similar applications. The technology remains at the Early Adopter stage until it has been fully commercialized and reaches the Early and Late Majority Stage. The Early Majority, typically, will only adopt what is deemed to be a 'proven technology'.
The definition of 'proven technology' or 'proven innovation' is embodied in many state regulatory bodies engineering guidelines, such as the following (Ontario Ministry of the Environment, 2008): (1) At least three separate installations must be operating at (near-) design capacity; (2) The technology should have an operating record of a minimum of three years, at three separate locations; (3) The technology should show reliable and consistent compliance with design performance criteria, for a minimum of three years, without major failure of either the process or the equipment.
At the Early Adopter stage, the technology is still a 'new technology', and is unlikely to be specified by a consulting engineer or appear in formal tender documents. There is limited awareness and technical understanding or expertise, in relation to the technology, among end users and water professionals. In the water sector, these Early Adopters tend to be the larger water utilities, serving populations greater than 100 000 persons, or operating facilities with capacities greater than 20 000 m 3 per day. The Early Adopter water utilities typically have strong internal teams, with a high degree of expertise and capability. They are visible as leaders in the industry and may participate in technical committees and present papers at water conferences.
Stage 5: Early Majority and Late Majority. For the purposes of the Water Technology Adoption Model, the authors have proposed that it makes sense to combine Early and Late Majority into one stage. Based on analysis and research interviews, the authors do not believe there are clearly defined differences in water between these two segments, and that both can be defined as one cohesive stage. The technology is now commercialized and moving into the Early and Late Majority step of Rogers' TALC market adoption model. As the water sector does not display a difference between the Early Majority and Late Majority sections, this stage constitutes adoption by roughly 68% of the market. The criteria for assessing whether a technology has reached this stage are as follows:
Consulting engineering companies begin to specify the technology for a project during the design phase.
The technology now appears in formal tender documents and requests for proposals (RFPs). At least three companies are actively offering versions of this technology to end users. There are more than 25 to 30 full-scale units in operation.
The technology is now no longer only used by Early Adopters, but is typically still only offered by a handful of companies (usually not more than six) at the start of the Early and Late Majority Stage. As the market adopts the technology, new players will enter towards the end of the Early and Late Majority Stage (and at the start of the Maturity Stage).
The definition for the point at which a technology is deemed to be 'commercialized' and moving out of the Early Adopter Stage is based on case studies for ultraviolet disinfection, membrane bioreactors, sludge thermal hydrolysis and struvite precipitation, and research interviews with CEOs and CTOs of technology companies and end users. At the Early Adopter Stage, the rate of technology installation increases most rapidly, and the time taken to double the number of cumulative installations is the shortest; the technology is now entering the log-phase in terms of technology dissemination and adoption. This can be observed when cumulative annual installations are plotted, and an inflection point is apparent in the TLC S-curve. When the technology moves from the Early Adopter to the Early and Late Majority Stage there are typically 25 to 30 full-scale plants successfully in operation. The technology now also begins to be specified by design engineers in projects and appears in formal tender documents.
Stage 6: Maturity Stage. This stage corresponds to the Laggards section in Rogers' TALC model. The criteria are the following:
The technology is now included in standard engineering manuals and textbooks, as well as in university courses and curriculums as design projects for students. The know-how and expertise required to design and implement the technology is no longer in the hands of a small number of companies offering proprietary technologies. It is now becoming a commodity technology with multiple suppliers (greater than ten), offering competing products. The knowledge of process design enables engineering professionals to be able to design generic nonproprietary versions of this technology. The rate of increase in annual cumulative installations levels off, as market saturation occurs. Original patents are nearing the end of their life or may have expired.
During the Maturity Stage, the systems continue to be valueengineered, and sustaining innovation keeps delivering small improvements in efficiency. A mature technology is, itself, now at risk of being displaced in the market by newer technologies.
Results of Testing Criteria on a Sample Data Set of Water Technologies at Different Stages of the WaTA Model. The results of testing the criteria on the sample data set are illustrated in Figure 7 . The testing on 488 different proprietary technologies showed that the model is quite robust, as it was possible to use the criteria to classify all the technologies into relevant stages. The criteria and defined stages of the WaTA model can be applied across a wide range of different water and wastewater treatment technologies. The first three stages of the model (Applied Research, Pilot, and Demonstration) proved to be relatively straightforward to classify. It is also relatively clear when a technology has moved from the Demonstration to the Early Adopter Stage because this is based on the number of full-scale plants in operation. The most challenging classification is between the Early Adopter and Early and Late Majority stages because their definitions are more qualitative in nature, and the transition is a function of both the market and the technology. The technology itself may undergo improvements, with second-generation systems being developed and deployed in the first major market segment (the so-called Early Majority), using the experience gained in the Early Adopter Stage. A key transition point between Early Adopter and Early and Late Majority is when the technology is deemed to be 'commercialized'. It was found that this transition also correlated with the existence of over 25 to 30 full-scale plants in operation. Once this number of plants is in operation, the knowledge and experience gained from earlier generations allow improvements in subsequent generations, and the Early Majority customers now regard this as a proven and accepted technology.
Average Water Technology Adoption Timelines. Based on the analysis of case studies outlined in the Methodology section, a set of average timelines for each stage were developed and proposed. These are illustrated in Figure 8 . It was found that the Applied Research Stage typically takes seven to ten years, but can vary between four and twelve years.
The Pilot Stage typically takes two to three years, but can take as many as five. This is because it can take time to find sites and clients that are willing to host pilot tests, each pilot test typically operating over four to twelve weeks. A minimum of four weeks is frequently required to establish stable operating conditions and monitor any variability in performance. A water technology can be at the Demonstration Stage for three to five years. The combined time for Pilot and Demonstration, which relates to the Early Adopter Stage, is typically the region of five to eight years.
Once a technology has been shown to operate reliably in three demonstration-scale plants, it moves on to the Early Adopter stage of the WaTA Model. The Early Adopter stage can last a further 6 to 8 years, and the Early and Late Majority stage can typically last 12 to 16 years as the technology continues to be adopted, until a technology is regarded as mature. A mature technology can remain in use indefinitely, until it is replaced by an alternative. To give an example, activated sludge wastewater treatment was first developed in 1914, and is still in use over 100 years later.
Conclusions
The authors have a number of key conclusions from this work. Firstly, the proposed model, along with the accompanying definitions and criteria, are suitable for the study of water technology adoption. This will be foundational for future analysis of different types of water technologies. One of the key findings of this present study is that it is possible to develop generalized timelines for successful technology commercialization. The average timelines that the authors have identified for each stage of the model support an industry belief that the process of water technology development and adoption can take more than a decade. Analysis indicates that from the year that pilot testing commences to when the technology is moving into the Early Majority section of the market and is commercialized, can take in the region of 12 to 14 years. This needs to be considered by any companies that are actively seeking to introduce a new technology to the water market. Having established timelines that are reasonable and typical, the authors believe that this sets an important benchmark against which velocity, or rate, of progress can be measured. Technologies that are taking much longer than the average timelines outlined in this model run the risk of stalling out and failing to be adopted. The authors believe that certain factors may accelerate adoption, and that there may be differences in timelines between different types of technologies -this will be explored in future research. Figure  7 illustrates how the technologies in the test data set were assigned across the different stages of the Water Technology Adoption and Dissemination model, using the criteria set out in Figure 6 and described in more detail in the Results and Discussion section.
Another important conclusion arising out of this work is that velocity, or the rate, at which technologies move through the process of dissemination and adoption is an important metric to track and analyze, and that the extent of any deviation from these industry averages can be an indication of potential failures in this process. Because of the nature of the definitions, there will be a degree of subjectivity in the use of this model, and it is possible for a technology to straddle adjacent categories. It is important when measuring technology stage to consider reference plants by all companies that are offering a particular technology class, rather than looking at the references for one company in isolation. However, from the perspective of an end user who is looking to adopt a new technology, they typically wish to see that one particular vendor has three full-scale plants in operation before they will consider that the technology has moved beyond 'Demonstration'. No credit is given for the fact that a different company with a competing or similar technology may also have operational reference plants.
There are many exciting possibilities for future applications of this model:
Future papers will examine if there are any reasons why certain technologies move faster than others, perhaps linked to differences in external factors, or technologyrelated factors. The authors will examine if there are any differences in timelines between water treatment and wastewater treatment technologies. Future papers will also seek to examine the rate of improvement in performance and efficiency over time, and the impact and feedback loop that this has on the rate of adoption. The average success rates for water technologies will also be studied to see what percentage succeed, versus what percentage fail, or remain stalled out. The authors will also analyze whether there is a relationship between the duration of the latency period, (Applied Research, Pilot and Demonstration Stages) and the total life span of a technology. This could allow the determination, for example, of the optimum life span of a patent (monopoly), balancing the need for monopoly and drivers for innovation versus hampering innovation as a result of an extended monopoly. It could also allow the assessment of the best technology development approaches for different life span durations. The establishment of typical timelines for each stage also provides an objective means by which to measure velocity, or rate, of progress of a given technology against timelines that might be considered reasonable. The authors intend to investigate whether an algorithm can be developed that would enable velocity to be calculated as a value and related to industry averages as a possible predictive indicator of success or failure. The ability to measure the velocity of technologies as they move through this process over time against industry baseline averages could be a valuable diagnostic tool to determine their likely rate of success, and could also help pinpoint when a technology appears to be taking longer (or moves faster) than usual.
The authors also wish to analyze which stages of the model correlate with the highest rates of failure and any common factors that are linked with this failure or success.
